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Cellular polymers are biphasic materials in which a gaseous phase is
dispersed into a solid phase [1]. As a consequence, the final physical
properties of cellular polymers depend, on the one hand, on the amount
of gas and its distribution throughout the structure, and, on the other
hand, depend on a set of characteristics of the solid phase. Its tuneablerit).
. This is an open access article understructure has allowed cellular polymers becoming a good solution in a
wide range of applications in severalmarket sectors such as automotive,
packaging, building, etc.… [2]. In particular, low density flexible cellular
polymers are characterized by relative densities lower than 0.1 and con-
sequently solid architectures owning very thin cell walls (2–4 μm) [3,4].
The low stiffness of thematrix polymer, the mentioned thin solid archi-
tecture and other factors, such as the reduced inner gas pressure, may
cause the presence of wrinkles on the cell walls leading to an overall
corrugation of the solid phase (Fig. 1) [3]. Fig. 1 shows tomography
slices of two low densityflexible polymers. Fig. 1(a) shows the structurethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Tomographic slices of low density cellular polymers with (a) solid phase with flat cell walls and (b) corrugated solid phase.
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walls present a significant degree of corrugation (i.e. the cell walls pres-
ent wrinkles).
Low density flexible cellular materials are used to package fragile
products against impact damage during transportation and in body pro-
tection such as helmets, knee pads, shin guards, etc. [5–7]. For this rea-
son, the mechanical behaviour in compression is one of the most
important properties of these materials [8]. Therefore, abundant scien-
tific investigations have been focused on studying the compression be-
haviour of low density cellular polymers since 1959. Most of these
theories consider that mechanical response depends on a multitude of
parameters such as relative density, cell size, fraction of material in
the foam edges and open cell content and pressure of the gas in cells
[9–11]. However, few studies have been carried out in order to under-
stand the effect of the solid phase corrugation on the mechanical prop-
erties due to the challenging fact ofmeasuring this structural parameter
[12,13].
In fact, it is well known that the presence of wrinkles in a flat surface
reduces the required force need to buckle it, in comparison with a to-
tally flat surface [14]. In the case of low density cellular polymers, little
imperfections in the solid phase can reduce the collapse stress of the
samples, which is a critical mechanical parameter for the application
of these materials [15]. Therefore, investigating the exact influence of
solid phase corrugation is crucial in order tomanufacture optimumma-
terials for the above-mentioned applications.
For this purpose, the first step consisted on developing accurate and
robust characterization methods to determine the solid phase corruga-
tion. Due to the reduced cell wall thickness of the selected samples we
have used synchrotron μ-CT data sets to obtain information from the
cell walls at this resolution level [12,16]. The information about solid
phase corrugation has been obtained by self-developed methods,
some of them requiring time-consuming algorithms (Section 2.3). The
influence of solid phase corrugation on the collapse stress is determined
by comparing both experimental and theoretical values of this parame-
ter (Section 2.4). The influence of solid phase corrugation on thermal
expansion has been also analysed in this investigation by comparing
the slope of the expansion coefficient at 25 °C (Section 2.5). It is well
known that the thermal expansion coefficient of this type of cellular
polymers is influenced by the solid phase corrugation [3]. However,
this influence was not studied in detail before due to the inherent diffi-
culty of characterizing accurately this structural parameter.
Consequently, the main objective of this investigation is to deter-
mine the solid phase corrugation (presence of wrinkles in the cell
walls), validate the indicators developed in this investigation and quan-
tify the effect of solid phase corrugation on thermo-mechanical proper-
ties (collapse stress and thermal expansion coefficient) of low densityflexible cellular polymers. To this end, four cellular polymers based on
a flexible polymer matrix fabricated by a foaming process which in-
duces corrugation in the cell walls (Section 2.1) have been used.
2. Experimental
2.1. Materials
The materials involved in this investigation are cross-linked closed-
cell cellular polymersmanufactured by a high-pressure nitrogen gas so-
lution process [2]. The rawmaterial usedwasa lowdensity polyethylene
(LDPE). In this process, an extruded sheet is irradiated and cross-linked
and then placed in an autoclave. There, it is subjected to the high pres-
sure of nitrogen gas at temperatures above the polymer softening
point. Under these conditions, the nitrogen is dissolved into the polymer
matrix. At the end of the solution stage and after cooling, the pressure is
reduced to atmospheric pressure. Then, the materials are placed in a
second low-pressure autoclave and again heated above the polymer
melting point. The release of the pressure in this second step allows
the full expansion of the polymeric material than can reach densities
as low as 15 kg/m3. Finally, the foamed slabs are cooled to room temper-
ature. The foams produced by this technology are isotropic closed cell
cellular polymers [17]. In this process, the reduction of temperature in
the cooling step promotes a reduction of the gas pressure in the cells
that results into a corrugation of the cell walls due to the low strength
of the solid phase structure, composed of very thin cell walls (thickness
2–4 μm) [16] of a flexible polymer (LDPE). Some of themain descriptors
of both the gas and solid phases for thematerials under study have been
measured using amulti-scale characterization based on X-ray tomogra-
phy [18]. These structural characteristics have been summarized in
Table 1.
2.2. Synchrotron X-ray μ-CT
Considering the reduced thickness of cell walls these samples
(around 2–4 μm) [18], the analysed specimenswere scanned using syn-
chrotronX-raymicro-tomography (μ-CT) at BAMline (BESSY II synchro-
tron, HZB, Berlin) [19]. The specific conditions of the tomographic
experiments in terms of low energy (9.8 keV), long exposure time
(3000 ms), and number of projections (2200) allowed obtaining tomo-
graphic results with excellent contrast (Fig. 2 TOP). Further, the reached
spatial resolution (0.438 μm of voxel size) permitted reconstructing the
thinnest parts of the solid phase of all the tested cellular polymers (Fig. 2
BOTTOM). The tomography-scanned volumes corresponded to approx.
3 mm3.
Table 1
Density and cellular structure characteristics of the cellular polymers under study.
Sample Density
(ρf) [kgm−3]
Cell size
(ϕ) [μm]
Coordination number
(ni)
Fraction of mass in struts
(fs)
LDPE-1 16.4 ± 0.4 310 ± 50 14.1 ± 3.3 0.117
LDPE-2 20.2 ± 0.5 270 ± 50 13.8 ± 3.1 0.122
LDPE-3 31.2 ± 0.8 260 ± 50 14.1 ± 3.0 0.176
LDPE-4 41.3 ± 0.5 340 ± 60 13.7 ± 3.1 0.390
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We have selected two different methods to obtain quantifiable
values of the solid phase corrugation.
On the one hand, several pores have been analysed calculating their
volume and surface and directly obtaining their surface/volume ratio
((S/V)cell) by using Avizo software package [20]. Then, since the cell ge-
ometry for this type of materials is mainly tetrakaidecahedral (average
coordination number of 14 (Table 1), i.e. an average of 14 walls per
cell) and the cells are isotropic [17,18], the surface/volume ratio has
been normalized considering the surface/volume ratio of a regular Kel-
vin cell containing the same volume ((S/V)Kelvin) [1,21]. The normaliza-
tion of the surface/volume ratio allowed us to eliminate the influence of
pore size in the surface/volume ratio values. Finally, the Additional Sur-
face (AS) due to cell wall corrugation is calculated as expressed in
Eq. (1).
AS %ð Þ ¼ 100  S=Vð Þ
cell
S=Vð ÞKelvin
−1
 !
ð1Þ
This simple parameter reveals differences between materials and
seems to be a good indicator of the presence of wrinkles in the solid
structure, as it will be shown in the results section. In fact, other
works in the literature have dealt with a similar parameter but consid-
ering the equivalent sphere to normalize the S/V ratio of the cells find-
ing values for AS around 120% (normalized S/N 2.2) [12]. Consequently,
it is proved in this work that the election of the corresponding Kelvin
cell as reference for normalization and the selection of AS as the
representing parameters seems to be more appropriate.
On the other hand, a more complex method based on surface
discretization by means of surface meshing has been used. It usesLDPE-1 LDPE-2
Fig. 2. Grey-level slices –TOP– and binarized slices –Btriangles and a method for local surface approximation by continuous
mathematical functions [22–24]. Several geometrical parameters can
be calculated from this analysis, all of them based on the two principal
radii of curvatures of the surface, r1 and r2. Among all the possible curva-
tures definition (mean, maximum, minimum, Gaussian, etc) we have
selected themean curvature (Ca) as a quantifiable indicator of the pres-
ence of wrinkles. Mean curvature is defined in Eq. (2) as a function of
the above mentioned radii.
Ca ¼ 12
1
r1
þ 1
r2
 
ð2Þ
A negative value of the local mean curvature corresponds to strictly
concave regions whereas local positive values of this parameter are lo-
cated in strictly convex surfaces. The main advantage of computing
mean curvature instead of Gaussian curvature is its wider distribution
and higher sensitivity to local variations [25–27].
The curvature computation was carried out using Avizo software
package [20]. The method uses a marching-cubes algorithm to create a
triangular mesh in the cellular polymer structure surface [28–30]. This
mesh is smoothed by an iterative computational process so the local
pixel “roughness” is almost eliminated. Smoothing is accomplished by
shifting the triangular vertexes to average positions, considering the
neighbours. Maximum shifting of 50% (rather low value) and a high
number of iterations (10) were the parameters considered to remove
local variations without significantly modifying the original surface. The
mean curvature analysiswas accomplished considering a surfacefield in-
cluding a significant number of neighbouring triangles. After proper op-
timizationwe considered 20 neighbouring triangles in the computations.
The high compliance reached by using such neighbourhood conditions
made it unnecessary to iterate and refine themean curvature calculation.
The typical computation time under these conditionswas between 6 andLDPE-3 LDPE-4
OTTOM– for all the foam specimens under study.
Fig. 3. Surface mean curvature maps for a volume of 900x900x900 voxels. (a) LDPE-1 (b) LDPE-2 (c) LDPE-3 and (d) LDPE-4.
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ferent volumes of interest (900 × 900 × 900 voxels or 0.4 × 0.4 ×
0.4mm3)were analysed obtaining similar results in all zones. The results
for one of the analysed zones in each material are shown in Fig. 3. The
final output is represented as histograms of mean curvature distribution
using the same representation range and number of bins.
2.4. Collapse stress
One of the most critical physical properties of low density flexible
cellular polymers is the collapse stress which is defined as the strain at
which elastic buckling of the cell walls of the cellular materials occurs
[31,32]. From a theoretical point of view this property depends on den-
sity, properties of the solid phase, cell geometry, fraction of material in
the struts and corrugation of the solid phase [11]. However, this last pa-
rameter has never been considered in the traditional models describedFig. 4. Stress vs strain compression curve (a) and (b) stress vs voat the beginning of Section 2.4.1. It is expected that the presence of
wrinkles on the cellular structure should lead to a significant reduction
of collapse stress and therefore we have proposed a semi-empirical pa-
rameter which takes corrugation into account.
2.4.1. Geometrical modelling of collapse stress
Gibson and Ashby (1988) suggested an analytical model [1] to ac-
count for the collapse stress (σc) of cellular polymers (Eq. (3)). They
considered isothermal conditions with short timescales, and hence no
gas diffusion, in a cubic cell structure.
σ c ¼ EsG ρ f =ρs
 2
ð3Þ
where ρf is the density of the cellular polymer, ρs is the density of the
matrix polymer and Es is the Young modulus of the solid polymer. Inlumetric-strain in the post collapse zone for sample LDPE-3.
Fig. 6.Mean curvature distributions for the four analysed cellular materials.
Fig. 5. (a) Normalized sample thickness (l/l0) and (b) thermal expansion coefficient as a function of temperature for LDPE-1 sample.
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and Ashby, is 0.05.
But instead of using the simple cubic geometry a better approxima-
tion is reach if cells aremodelled as tetrakaidecahedrons. In the case of a
cell face with widthw, side a and thickness δ, the compression force re-
quired to initiate the elastic buckling of a cell face (Fc) is given by Euler's
formula:
Fc ¼ 2πa
 2
Es
wδ3
12
ð4Þ
In addition, we need to take into account the relationship between
the cellular structure characteristics and the cellular material density
[1]:
ρ f
ρs
¼ C
1− f s
δ
ϕ
 
ð5Þ
where C is a constant that depends on cellular geometry and fs is the
fraction ofmaterial in the struts. Combining Eqs. (4) and (5) the collapse
stress can be described as follows:
σ c
Es
¼ G ρ f
ρs
 2
¼ 1
12
2π 1− f sð ÞB
C
 2 ρ f
ρs
 2
ð6Þ
where B is a constant that condensates other geometric constants. As-
suming that cells have the geometry of tetrakaidecahedrons the con-
stants B and C can be calculated [1] taking the following values: B =
2.828 and C= 3.348.
Eq. (6) accounts for the collapse stress assuming flat cell walls. In
order to introduce the solid phase corrugation the previous equation
was modified introducing the so-called “corrugation ratio” (ξ) (Eq. (7))
[33]. This term is related to the cellular structure and more specifically
to the presence of wrinkles in the cellular polymer structure. Further,
this parameter varies between 0 and 1; i.e., a value of 1 indicates that
cell faces are flat whereas lower values indicate that the solid phase pre-
sents some degree of corrugation.
σ c
Es
¼ 1
12
2π 1− f sð ÞB
C
 2 ρ f
ρs
 2
ξ ð7Þ
Then, a simple way to estimate this corrugation ratio is to compare
the experimental values of the collapse stress (σcexp) with the theoretical
values given by Eq. (4) (σctheo), as indicated in Eq. (8).
ξ ¼ σ c
exp
σ ctheo
ð8Þ2.4.2. Experimental measurement of the collapse stress
In order tomeasure experimentally the collapse stress of thematerials
under study a collection of compressive mechanical tests have been
carried out by using a universal testing machine (Mod. 5.500R6025,
INSTRON) at room temperature (25 °C) and low deformation rate. At
these experimental conditions, the required stress (σ) in order to achieve
a determined strain (ε) is calculated by the following expression [34]:
σ ¼ σ c þ patmε 1−2νð Þ1−ε−ρ f =ρs
ð9Þ
where patm is the atmospheric pressure during the experiment and ν
is the material Poisson' ratio. A typical stress-strain curve of this type of
materials (sample LDPE-3) is shown in Fig. 4(a). The collapse stress can
be measured as the intercept of the straight line with the y axis when
plotting the stress in the post collapse zone (strain from 0.2 to 0.5) ver-
sus ε/(1-ε-ρf/ρs) (so-called volumetric strain) as it is shown in Fig. 4(b).
2.5. Thermal expansion coefficient
On the other hand, linear thermal expansion coefficient has been de-
termined by Eq. (10):
α ¼ 1
l0
dl
dT
ð10Þ
where l0 is the original length (or height) at a reference temperature
(25 °C in this work) and l is the length (or height) of the sample at tem-
perature T. It is known that this parameter is very sensitive to the
Fig. 8. Experimental and theoretical values of collapse stress.
Table 2
Summary of results onsolid phase corrugation for the materials under study.
Sample Additional surface (AS) (%) Curvature variation (CV)
LDPE-1 4.74 ± 0.38 0.02377
LDPE-2 4.30 ± 0.3 0.02180
LDPE-3 4.84 ± 0.5 0.02666
LDPE-4 3.87 ± 0.26 0.01783
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it will be shown in the results section, by analysing the variation of this
parameter at 25 °C it is possible to elucidate the presence of cell-wall
wrinkles and determine an approximate magnitude of corrugation in
the solid phase of these materials. The enclosed-gas suffers a pressure
increase due to the temperature rise which promotes that the wrinkles
of the structure disappear at increasing temperature. This can be de-
tected analysing the derivative value of the thermal expansion coeffi-
cient at temperature near 25 °C, i.e. the punctual slope of the thermal
expansion coefficient at 25 °C. This temperature is selected since it cor-
responds to the temperature atwhich synchrotron μ-CT andmechanical
tests were performed.
In our case, the thermal expansion coefficient has been experimen-
tally determined by using a thermo-mechanical analyser (TMA,
Perkin-Elmer TMA7) equipped with quartz parallel plate probe in
order to measure the material changes in height over a temperature
range from −20 °C to 100 °C with a heating rate of 3 °C/min. The
analysed samples in this case where cylinders of 10 mm in diameter
and 10 mm in height. In addition, at least three different experiments
for each foam sample were carried out. Fig. 5 shows a typical thermal
expansion curve (sample LDPE-1) of normalized sample length (l/l0)
and the linear thermal expansion coefficient (calculated using
Eq. (10)) as a function of temperature.
3. Results and discussion
3.1. Solid phase corrugation
As mentioned above in the manuscript, two different methods of
analysis for the solid phase corrugation have been employed. On one
hand, mean curvature distributions of three different volumes of inter-
est for each material have been suitably averaged. These histograms
are shown in Fig. 6. All the curves presented a slight asymmetry to neg-
ative values due to the concavities of the cells in the material. In this
case, we have defined the Curvature Variation (CV) as the parameter
characterizing the solid phase corrugation. This parameter corresponds
to the full-with at half-maximum (FWHM) of the mean curvatureFig. 7. Relationship between the AS and CV, the two parameters extracted from the
tomographic data and used to quantify the solid phase corrugation.histograms. A higher degree of corrugation in the solid structure pro-
motes a wider curvature distributions and vice versa. Table 2 shows
the results for this selected corrugation indicator. There is a clear differ-
ence between materials (up to 34% between LDPE-3 and LDPE-4).
In addition, Table 2 shows the obtained values for the Additional
Surface (AS). Once again, differences betweenmaterials can be appreci-
ated, although the maximum differences are smaller (23% between
LDPE-3 and LDPE- 4).
It is important to mention that both parameters are directly corre-
lated, as demonstrated in Fig. 7. According to the results, AS parameter
is less sensitive to changes than CV, with nearly 30% higher maximum
variation.
3.2. Collapse stress
The relation between the experimental and theoretical values of col-
lapse stress (corrugation ratio) is determined in this section and com-
pared with the geometrically-extracted parameters. To this end,
experimental values are determined as explained in Section 2.4.2.More-
over, the theoretical values of collapse stress are calculated using Eq. (6)
and considering the Young modulus of the solid LDPE, Es, of 200 MPa.
Both theoretical and experimental values of collapse stress are pre-
sented in Fig. 8.
As a consequence, the defined corrugation ratio (Eq. (8)) for the
analysed samples takes values between 0.4 (LDPE-3) to 0.6 (LDPE-4).
Fig. 9 shows that there is clear relation between the corrugation ratio
and both Additional Surface and Curvature Variation. In the proposed
trend (dashed line) the corrugation ratio tends to one when the CV
tends to zero. A very similar trend is also observed for AS parameter in-
cluding the validation that corrugation ratio tends to onewhen AS tendsFig. 9. Experimental relationship of corrugation ratio with AS and CV.
Fig. 10. Thermal expansion coefficient values of the analysed samples. The dashed square
marks the temperature region in which the cell-wall flattening is taking place.
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These results confirm our hypothesis; the solid phase corrugation is
playing a clear role on the collapse stress of the foams.3.3. Thermal expansion coefficient
Fig. 10 shows the results thermal expansion coefficient for all the
materials under study. In all cases, the absolute value of thermal expan-
sion coefficient for each temperature value is inversely related with the
density of the foamed materials due to the higher gas volume percent-
age and the higher capacity of expansion of this gaseous phase in com-
parison with the solid phase [3,35]. For this reason, the higher thermal
expansion coefficients are observed for LDPE-1 (density 16.4 kg/m3)
whereas the lower values are for LDPE-4 (density 41.3 kg/m3). This ten-
dency is maintained almost up to 40 °C. At temperatures above that
values do no follow a clear trend since the polymeric matrix softens
and other effects take place.
The slope of the thermal expansion coefficient curve at 25 °C is de-
termined to evaluate the influence of solid phase corrugation on ther-
mal expansion coefficient. The results of this analysis can be observed
in Fig. 11. Thematerial showing the greatest slope of the thermal expan-
sion coefficient corresponds with the material with the highest solid
phase corrugation, being therefore sample LDPE-3, whereas sample
LDPE-4, which is the sample with the less corrugated structure, is the
sample with a lower variation of thermal expansion coefficient at the
mentioned temperature.Fig. 11. Dependence of thermal expansion coefficient slope at 25 °C with AS and CV.As it has been previously discussed the parameter CV allows
obtaining higher differences betweenmaterials than the AS (34% of var-
iation vs 23%) and seems to be slightly better correlated. As a conse-
quence, this parameter is a more sensitive indicator of corrugations
than the Additional Surface. For this reason, we consider that Curvature
Variation is the most recommended microstructural indicator of solid
phase corrugation. It has also to be taken into account inherent technical
(synchrotron μ-CT at 0.438 μmresolution) and computational (complex
computation method, long computing times) difficulties to determine
it.
4. Conclusions
We have determined the effect of solid phase corrugation in low
density flexible foams on two representative physical properties, the
collapse stress and the thermal expansion coefficient. To this end, two
different image analysis protocols applied to synchrotron μ-CT data
sets with enough spatial resolution were developed. The two parame-
ters defined to evaluate the solid phase corrugation are the Additional
Surface, linked to the surface of the real cell in comparison to a model
cell with the same volumebutwithflat cellwalls and the Curvature Var-
iationwhich corresponds to the FWHMofmean curvature distributions.
It has been proved that these two parameters are mutually correlated
and that Curvature Variation is slightly more sensitive to the presence
of wrinkled cell walls in these foam specimens.
The results obtained for these two parameters can bewell correlated
with the two physical properties selected. An increase of the solid phase
corrugation reduces the collapse stress of the foams and increases the
slope of the thermal expansion curve at a temperature of 25 °C.
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